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HYD?.CCE::ISOTO?Z DiS’iILL,’.TIONFOR THE TRITIUII

sYsTC!S TLST ASSEJ!BLY

J. R. Bartlit, W. H. Denton, R. H. Sherman

,

LOS ALANOS SCIEXTIFIC LABORATORY, UNIVERSITY OF CALIFORNIA

LOS ALA.YOS,!iEWMIXICO 87545

t

A system of four: interlined, cryogenic fractional distillation coluuaishas

been designed as a pratotype for fuel processimq for fusion power reactors. The

distillation system will continuously separate a feedstream cf 360 g moles/day of

roughly 50-50 deuterium-tritiurnconctiing ‘WZ H iato four product streams: 1) a

tritium-free stream of HZ) for waste disposal; 2) a stream of high-purity D2 for

simulated neutral beam injeccion; 3) a stream of DT for simulated reactor refueling;

and 4) a stream of high purity T2 for refueling antistudies on properties of tritlum

and effects of tri~ium on materials.
1

IWF.ODUCTION
I

The purpose, functions, and major subsystems of
!

the Tritium Systems Test Assembly (TSTA) are de-
(1)● i

scribed elsewhere in these proceedings A key ,

subsyste~ of TSTA is the Isotope Separation-Systea “

(1SS), which the present paper will.discuss in depth

as to purpose and functions; design concepts and ‘

considerations; design method, including laboratory!
1

measurements; and the detailed design of the final
I

process.

pL~pOSE A:TlFIJXCTIONSOF TIiE1SS \

The role of the 1SS in th~ overall TSTA process!

IS sucaarized in Figure 1. Details are avaikbk(l)

and need not be repeated here. The principal sep- !

~.=}---piik+ ,!
Figure 1. Functions of 1SS in TSTA Process,

I
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aration duties required of the 1SS are shofi in
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Figure 2.
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Product Stream

The four product streams were selected to give ‘

a full vcrf~icatfon and demonstration of the tech-

niques of isotope separation needed fur fusion

pmer reactors and to provide raxiEun flexibility ‘ 99.99+%

in the operation of TSTA. Product streams needed

by eventuul commercial reactors cay be fewer iu ~ L~.
nuaber or have different purity requirements from ‘——” h z

these; however, ;he cost to TST~ fc~ the four--prod-;““
-- -. -- - --- .

uct system chosen would not have been significantly Figure 2. Principal Separation Duties of 1SS

J
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decreased by deleting one Btrcaa or by rcluxing any

purity requirements, while flcxibi?Lty to ❑eet I

changing requirements would have been substantially

impaired.
I

me purpose of the HD waste stream, the tGpmost:

stream shown in Figure 2, is to eliminate from the !

fuel process loop unwanted hydrogen (H) which ap- “

pearsas a resultof outgassing, ❑ inor leaks, dif-

usion, and isotope exchange reactions. The 1SS
I

providesa hydrogen-richatrem which can be dia-
1

charged directlyto the envf.ronmentfree of tritium

down to a level of 20 Cilyr. The second stream in

Figure2, the D2 etream, has a design purity of

99.96+i!D2 with moat of the recainder (MO%) bein~

HD rather than DT or HT. The purity spccificatiun

of this stream, to ~imulate a stream for neutral

besu injection, was set in ~;ordination with TWS

design teame.

The third etreem shown is theprimary stream

for simulated reactor refueling, consisting of a

nedrly equimolar mixtura of D-T. The bottonsoost

I

I

straam shown in Figure 2 is a high-purity streem of.. .
T2 to be used at TSTA for laboratory studies on

properties of tritium and on effects of tritiurnon

materials. A commercial reactor perhaps would not

require such a etrecm unless a tritium neutral beam

is used for additional heating of the plasma.

Feed Streams

The feed rate to the 1SS is that required for

a full-scale (severalhundred MW) commercial fusion

reactor. Two feed streams are ehown in Figura 2 -

namely, the feed to Column 1, which is the primary

TSTA procass flow coming directly from the Fuel

Cleanup System (see Fig. 1) of 360 g moles/day of

D-T plus 1 ❑ol% H2, containing less thun 1 ppm

total noncondeneible i~purities; and, secondly, the

etream (A) shown joining with the distillate from

the top of COIURMI1. To understand fully the rcn-

eons bahind this secondary feed, ?.t is necessary to

understand both the internal 1SS process, which will

be discussed in the succeeding scctlon, as well as

the Interrelationships between the 1SS d tile .

Neutral Deam Intcrfnce, theFuel Cleanup System, and

the Tritium Waste Trcatuwnt. ThenQ Intcrrelntion-
. ..-. ...... .. . . .... .... .. .

ships are ~hown schematically in Figure 3.

I

j--- -@p=--’
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Figure 3. Interrelationship of 1SS
with other Subsystems.

The four components of feedstream A are listed

as follows: 1) neutral beam return; 2) D2 recycl~’
1

3) D2 mkzup,s and 4) electrolytic H2, ~s ~. me,

first of these has a flowrate of about 35 molesf I
day consisting primarily of D2 (98%) contaminated

1

with hydrogen and with tritium from backstream.ingI

up the neutral beamline. The “D2 recyclclrCompo–_\

nent is a relatively large flo~ (248 molas/day) of

almost pure D2 whose purpose 1s to help split HT

into IiDand DT in the two equilibrators, ae will

be explained more fully later. Ihe “D2 makeup’a

cmponent is simply to replace D which unavoidably

leaves the system with HD waste and is designed to

be lees than 4 moles/day of D2, but will. of

course, depend on the rate of H ingrwth. Final-

ly, the electrolytic hydrogans processed in the

1SS arise from electrolytic deconpooition of all

watere formed andlor trapped out in the Fuel

Cleanup Systcm and the Emergency Triti.rmzIcanup

Systcm. This feature permits the recovery nnd

reuse of virtually all tritium that ~onbines vith

carbon, oxygen, or nitrogen impurities in the

fueling process or accidentally spills into the

process room.

DESIGN CCNCEPT5 Ah3 CO:LSIDHUTIONS

Cryogenic fructionul distillation was selcctad

as the process to effect the separations Just die-.

cussed afterm appraismlwasmade of previous
.

work in the separation of hydro8cn inotopes. .In
.----. .. .. .... . . .. . .-... .—.-—.-—.

— ,... ~.
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the late 1940ts and early ‘50ts, studies by the

U. S. AtosticEnergy Cocmissfon on separating deu-

terium from hydrogen for heavy water productiofi
(2,3)

concluded that cryogenic distillation was an at-

tractive choice because of Lts acivantagesof rela-

tively large separation factors, low power cons.uap-

tion, high througttputs,relatively short start-up

times, and flexibility of design. A plant was de-

s~gned(4) but never”buflt in the U. S., but siailar

(5,6)
plants were built in both France and Russia(’).

In the 1960’s and ‘70’s, interest arose in sepa-

rating tritium from isotopic mixtures for recover-

ing tritLum or reducing contamination. Again cryo-

genic distillation proved attractive. A batch

sttll for tritium recovery was built in 1966 at

Savannah River Plant znd a rm.tlticohmn,continuous

still was built in 1971 at L’Institut Max Von Laue-

Paul Langevin In Grenoble, France
(8,9)

. Thus, In

addition to the advantages found previously the

advantages of building on existing commercial ex-

perience were considered in the selection of cguJ-

genic distillation.

Equilibrators- ‘- - — — — — — — - — -. ..

Besides the distillation columns, the two

catalytic equilibrators located before and after

Column 2 (Fig. 2) play an integral part in the sep-

aration scheme. Table I lists the sf.xisotopic

species present in order of increasing molecular

weight (or decreasing volatility).

TABLE I——

1. H2 discard to
environment

:: &---------__x:_D2

5e DT retain in
6. T2 process

The functions of the 1SS as described are to pro-

vide usable products of #4, #5, and 06,

discard #l, and #2 to the environment.‘

the problem of separating #3 (HT) so as

the H and retain the T, which obviously

accomplished by distillation alone, but

and to

This leaves

to discard

cannot be

can be done

with the room-temperature, catalytic equilibrators.

In the equilibrators, the HT molecule is split in,,

the prescncc of D2 ~rttoHI)‘undDT according to the

reversible reaction H’~”~D2 ‘-IID + DT. However,
!--—.............________...----........----._..._....—-.._.-_..--,

this will not proceed far to the right, as de-

sired, expect in the presence of a large excess of

‘2‘
which is most conveniently provided by the

“D2 recycle” stream shown in Figures 2 and 3. The

second equilibrator, following Column 2, carries

the splitting of HT still further after the re-

noval of the reaction product HD by Column 2.

l%ercby, both the HO waste stream and the D2

neutral beam stream are produced with adequately

low levels of triti~ (0.1 and 30 ppm respective-

ly).

Tritim Inventory

Becauae cryogenic distillation involves

tritium in a condensed state, a disadvantage of

the process is its relatively large tritimn in-

ventory. Ku TSTA, a majority of all process

tritium(’vlOOout of 170g) is contained in the 1SS;

though this would not be true for a cmnmercial

reactor. Minimization of tritium inven<aiy is not

a goal of TSTA; rather TSTA is to demonstrate tha~

tritium can be handled routinely and safely in

quantities exceeding 100 g. Nevertheless tritium

inventory is a design consideration because-an– -

important goal of the project is to understand th~

relationships between design parameters and triti.

um inventory.

The triti,um inventory in each column in the

final design of the 1SS is shown in Table 111.

Most of the total of~100g ia seen to be in ColumI

1 (34 g) and Column 3 (58 g). The inventory iu

Column 1 could be reduced in a commercial resctor

by leaving more D2 in the bottom stream from this

column, whfch would reduce the size of the column

and would ieave more D2 in the final DT product

sLream. The key to being able to extract less D2

at the top of Column 1 and still have sufficient

D2 to drive the two equilibrators is the previous

disr.usscd“D2 recycle” stream. This was not done

extensively in TSTA bccaustithe cost of the 1SS

would have been substantially unchtingedand it

would lMVC reduced the flexibility to meet ch:ingi

specifications on product or feud streams. Also

Inventory cotiltibe reduced in”a commercial r“eactl.,

if no high-purity tditium strenm is needed for

..—----- . . . .. . ... ... . . . - —... ..... ..-.. .— ... ... . . ..-. —- .. ____

...
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neutral beans, by greatly reducing or perhaps elirri-for standard multiconponcnt distillation, CIodi-

inating Colun.n3 with its 58 g invcr,:ory. fied for u~c with tritium systems. The original

COlunn Pressur~ code was generously furnished co LASL by Pzofes-

The nominal operating pressure of the distille- sor Donald Hanson of the Chemical Engineering

tion colunns was set at 101.35 kpa (760 torr) fol- Department at the University of Califor.lfa,

lowing consideration of the several factors In- Berkeley, and was modified by one of us (R. H. S.:

volved. The separation factors (relative volatll- to include the following:

ties) of all components increase as pressure de- i)

creases below the critical. ?%US the necsssary ‘
t

column heights are less the lower the operating ;

pressure. However, it was thought undesirable for ‘

safety reasons to operate below the local atmo- ii)

sphere (585 torr). Because the 1SS is a prototype ~

for nationwide application, pressures no lower
i

than a standard sea level atmosphere were judged

appropriate. Higher operating pressures would

decrease coluruidiameters (while increasing the i

heights), but because the required diameters were iii)

already small there was no advantage to increasing ;

the pressure above 760 torr.
i

RefrfcgerationCycle

Refrigeration for the 1SS will be provided by
I

iv)

a standard cocanercialrefrigerator with “a”capatiity-— “-

of 450 W a~ 20 K Alternatively, energy input

requfre=snts could be reduced by about one-third
I

by integrating the refrigeration cycle with the :

distillation process by utilizing the column v)

reboilers as precoclers in the refrf.gerationcycle.

This more efficient cycle was not chosen for TSTA ;

The actual molal heats of vaporization were

used instead of the usual assumption of

eq~~almolal heats and equal molal overflows

within columns.

Provision was made to allow both a constant

and a composition-dependent addition (or

subtraction) of heat on any theoretical

separation plate. This permitted proper ac-

counting for the radioactive heat of decay

of tritium.

Exper?menta?.lydetermined valuas (see the

following section) were used for relative

volatilities of the three principal isotopi~

species - D2, DT, and T2.

Experimentally determined values {see the

following section) were uied ‘fo{ the Xep-;--

rating efficiency or Height Equivalent to a I
Theoretical Plate (lwTP) of specific column ]

packin~s for the isotopic tixtures.

An i.mpcrtantdesip,nconsideration, tritium !

inventory, was computed from compositions on

each plate, summed, and printed out.

because operating ease and flexibility would be The design code can treat columns having

lost and savings would be nominal in this size

oystern.

Com3uter Control

Like all major subsystems of the TSTA, the 1SS

is designed to be inte~rated with a large central

computer, which will mor?itorand control the pro-

cess. A special feature of this integration will

be the inclusion of four or five quadrupolc nass

spectroaetcrs, which will provide on-line analyses

of strers ccnpositions to the computer for use in

its control functions.

DESIGN ?lHHOD
. ... ... .. . .

The najor”proces~ ”d~sign calculations in their

final form were made by means of a computer code

multiple feed streams, but does not treat multiple

irlterlinkedcolumns together as a system. Inter-

linkLng the columns was done by hand for TSTA.

@ey&rental Determination of Design Parameters

Because only limited data were availablefor

tritium systens, laboratory measurements were made

to determine two of the Iey designparameterson I

which the least information was available - n.amely~

the relative volatility.csfor D2/DT(T2”ancithe

separating cffici.ency(measured as HETP) of corn- ,

mcrcial distillation column packings. A third

parameter, the allowable vapor velocity, was also ~
-.

explored”iL~’thelaboratory for cornparf.son-wf.th

other sourceu.
,

.- . . . . ....... . . . . ------ --- . . - -. ..—-— --------------- --- ,--., -——-—:

,.. . . .
I 1:
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The relntive volatility of two components is,

of course, related to their vapor pressures and is

essentially the separation factor for a single

stage dtmtlllation of those cw.ponents. Values

were measured for D2/DT and for D2/T2 and were

found to Ue about 5% below the ideal values cow

puted as the ratio of vapor pressures of the pure

Superficial v:lporvelocities were also mecsured:
I

in the prototype still. Velocities up to 66 mm/see

were obtained with no sign of deterioration in eep-;

arating efficiency or column performance. Other I

workers have operated successfully using vapor

velocities above 125 rrrm/aecin mixtures of hydrogenI
isotopes and similar packings. A vapor velocity of!

89 rmlsec was usad in the process design calcula-

FIEIP’swere meaeured in a mall, prototype

distillation column of 9.kum id. x 457-= in

packed haight. Series of tests were mada usl.ng

two different commercialcolumn packings, aa de-

scribed In Tabls II. Eoth packings Indicatad a

tiona.

FINAL PROCESS DESIGN

Within the constr~ints mer,:ioned,n

designed by uae of the computer code to

required aaparations shown in Figure 2.

system wee

Ferform the

?ha re-

void fraction of 0.88 as packed. The first packing aulting system specification arn summarized in

wae tested only on mixturas of hydrogen (protium) ,Table III.

and deuterium and the second was tested both with The four columns - together with redundant in-

H-D and D-T mixtures. The results indicated values strurmentation,necessary interconnecting and re-

ofHErPof50~5mm. A value of 50 nm was used in frigeration pipi~, and a thermal shield at 77 K -

the procee~ design calculations are enclosed in a single, stainleea siteel.vacuum

TAM: 11. Specifications of Packing Materials Tested in Prototypai

I

1

g. name model no. mattl deecript.—. dimen..—

Eglin- – - CO1. packing -- —166L- – -~t.

Podbielniak Heli-Pak “ 3012 St.

TA9’LEIII. Final Design

St. - wire coile-- — --

et. flatcntd helices
I
Specification of the 1SS

1.5X l.smm- — - ---

0.03x 0.07 x 0.07’in.

I

I

CO1. inside

diam., mm

I
29.0

19.0

CO1. packed

ht.. m

4.11

4.06

3.20

4.11

5.5a

Refrig.

@20K,W

38.6

18.2

24.1

64.6

145.5b

tritium

inventory, a

cola1

Col.2

CM. 3

Col..4

Over-all Total

34.3

0.1

57.5

10.3

102.2=

I
23.2I 38.0

711.a
I
a outer vacuum shell
b excluding heat leak

c including reboilera

I

II

I i

I

I— -. ----- ...—-. --— --- ___ __,
I
I
I

... -- — .- .- — — - — - - . .

I
- - .- - . ... -

.— ——— ——- ——.—— —-------- --L ___ — .-—. — ——. — -—

.-
.- i“ ----
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. shell, which also ser~cs as eccondary containncnt

for the process tritima. This unit will be sup-

pliedand tested cmmcrcially at a cost of about

$1.2 million, with in~tallation st TSTA scheduled

for 1981.

SU%ARY—-

A descriptionis presentedof the functions,

design concept~, and final design of a system of

four, Inter?.inked,cryogenic distillation colmna

for separating a atroam of mixed hydrogen isotopes

into four high-purity product etreame needed in a

prototype D-T fueling systcn for fufiionpower

reactorn.
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Fig. 3. Water volume flow plots showing three stages in flow develo~ent prior
to the onset of water delivery to the lower plenum. ToP. The Injected
wate? accumulates below the inlet legs. Middle. As a result of momen-

tum transfer from the steam, the water h set in a swirling motion in
the region above the inlet legs. Bottom. Additional momenttm transfer
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Fig. ~~. Computation mesh and boundary conditions used in the transient flow—
comparisons at 2/15, 1/2, and full scales. In these calculations steam
was injected throughout those parts of the lower plenum that were not
occupied by water.

full scale are from the same calculation in all four plots. The water and
steam inflow specification used in that calculation are obtained from a system
calculation of a hypothetical loss of coolant accident in a full scale reactor.

The purpose of these comparisons is to determine whit’.ltype of inflow
specification results in small scale results that are similar to full scale in

the sense described above, i.e., chat have the same per cent of injected water
delivered to the lower plenum when the lower plenum is 90% full, and that have
reached the same stage of flow development. The latter criterion is satisfied
in all cases except Fig. 6, for which the water and steam inflow velocities are
proportional to scale. In that case the 2/15 scale calculation did not develop
beyond the first stage of flow development, while the 1/2 scale calculation
reached the second stage of development and the full scale calculation reached
the third stage.

The first criterion for similarity of flow at different scales seems to be
best satisfied in Fig. 8, in which the inflow velocity of the water is propor-
tional tu sc~le and the inflow velocity of the steam is the same at all scales.
Thus at this stage of the numerical scaling study this appears to be the best
type of boundary specification,

The results in Figs. 5-8 can be explained in terms cf the effect that the
various inflow velocity specifications have on the area of contact and the rel-



100 -—
................................../.-. 2/15

. . .
..-.

,,,

1:80 ,/”” .........---...---- ..
.,”. ...,.. ..!’ ,, ...,’ ., -. 1/2

60 ; ,,”
...
...

1 /1

,’
,’
,’ 1
,’

40 ! ,,’” .................. /’

, ,’ --..-” -..-.. 1, ,’ ...” “-------..........-

20 ;.-./:--”-”’” / 1/2

:,’ /

[
2/15

o I i I I I I
o 2 4 6 8 10 12

t(sec)

Fig. 5. Water delivered to the lower plenum (solid lines) and bypassed through
the broken leg (dashed lines) as a percentage of water injected up to
that time when the inflow velocities of wat.~ and steam are constant
with scale. Results are shown for 2/15, 1/2, and full scale calcula-
tions.

100

8G

60

40

20

0

I I

K 1/2

~

c

--------------
..- ..---

---- ---- 1--..-----...........,.-
,,,

,.(’..-’.---------..-,,. ,., -------.;” ...- ... 1/2
,/ ,....] ~,,5//7----- . . . . .. ----

-------- . . . . . I

o 2 4 6 8 10 12

t(sec)

Fig, 6. Water delivered to the Icwer plenum (solid lines) and bypassed through
the broken leg (dashed lines) as a percentage of water injected up to
that time when the inflow velocities of water and steam are proportion-
al to scale. Results are shown for 2/15, 1/2, and full scale calcula-
tions.



0

i

i
. -------- ...- .... 2/ ls 1.-

.. .... !--------- -..
.“ . . ...- . .... . .,’ . . ‘.. . .. I

1/
.’.“”-.........“ ...“.’.’.’.“----------..’ .....-”-..“.--------.........’....-#.-.“-.:. !....0.,:.f I

o 2 4 6 8 10 12

t(sec)

Fig. 7. Water delivered to the lower plenum (solid lines) and bypassed through

the broken leg (dashed lines) as a percentage of water in:ected up to
tha: time when the inflow velocities of water and steam are proportion-
al to the square root of the scale. Results are shown for 2/15, 1~2.
and full sea-> calculations.

1
I

. . .. ----- . ---”---”- ‘..-. . ..- . . ~-. . ..-

ao .. .,....=2/is. . . t. .
.- . ..- 1

. . ..-
.“ . . . . . . ..- ---- . . .

.“ . . I-. t
60- ..” ....’

. . . . :/2.’ .“.’ .....“
.“ .“ .... I

.“

,fl :

1
...-

-.

40- ,: ::
.... ii

---------- . . ..’ 1/ 2/ 1s
.“ .--’ . . ..-. ..’ ‘.. - ‘. . ..-. . . ..’ ------- --------

20- ,:,:’---.+’”
/

.,. //.,....,0
/

i

o ( I I
o 2 4 6 0 10 12

t(sec)

aelivered to the lower plenum (solid lines) and b~’passedthrcuch
the broken leg (dashed lines? as a percentage of water injected up to
that time when the inflow velocity of water is proportional to scaie
and the inflow velocity of steaxn is constant with scale. Resu~ts are
shown for 2/15, 1/2, and full scale calculations.



ex~e . The area of contact between the fluids is influenced to a great ex-
tent by the munt of spreading of the inflow~ water, and this spreading is

in turn related to the local ove~ressure raaultin~ from the volumetric source

of vater in that mesh cell. For an incompressible fluid the pressure change in
a control volm is proportional to the Lnput rate of volume per unit volume
per unit t-. If ~he inflow velocity of the water is proportional to scale,
then the overpressure, the spreading and the contact interracial area will also
be proportional to scale. Uhen the contact interface is proportional to scale,
the area ●vailable for us ●nd ~~tum transfer through condensation and

fluid drag will also be proportional to scale.
It is ●lso importaix that the relative velocity between the phases be the

S- at all scales in order that the momentum transfer scale appropriately.
The relative velocity within the downc~r Is determined from the difference
between the inflow velocities of water and steam. However, since the inflow
velocity of the steam Ss many times that of the water, the relative velocity of
flow within the downcomer is prl~rily determined by the inflow velocity of the
steam.

Thus, sid.larlty of flow at all scales requires that the inflow velocity

of the water be proportional to scale and the inflow velocity of the steam be
the same at all scales. These are the conditions that exist for the three cal-
culations of Fig. 8, and these results show a greater similarity of flow at
different scale than those of Has. 5-7.
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